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POLYMERISATION CATALYST ANn PPOQ^^S 



invenKiaii relates to a process f qr affi^i 



Hie 

polyny^Mfign of oiefimcally nnsatiirartd 
weight contrcd is achieved by the presence of 
esppoialfy copper, diiimne complexes. 



'craiuiiioii inetaU 



It is dfiiinihkf to be able to produce high mo^facuiar weight polymcis with- 
a low molecular weight distribution by catiAy^ed addition polymerisation, 
in paxticular of vinyiic monomers. Hithsrto th^ has been achieved by 
polymerising via ionic pnKesses typic/flly in d^. presence of: 

ics such as alkyl lithiuai*s which are sensidve as regards 
reaction with water and other prone species. As such monomeis 
containing functional groups aro^ not readily polymerised. The use of ionijc 
systems also precludes the use of solvents whi^ contain protic; groups 
and/or io^ucities resulting ifx very stringent reaction condidoos aod 
reaipcBnt purity bemg emp}6yed. 



More recently 
a tii uiai iiu n metal 
Matyjasewdd (Mi 



' radical polymerisation based on the eoinbiii^tion of 
ide and alkyl haUde have tra utilisptL l?Qr e«aqipl^ 
miolecules (199S). vol ig- pages 7901-7910 a«d 



WO96G0421) has described the use of CuX (wh^q X^^CX Br> iii 
caqniiicium widi bqiyridine and an alkyi h^S^ cq give polymers, of 
naixDW molrrnhir wei^ distdbution and cqntnUed molacuiK wn^ht 
This system mSas from die disadvantage Ifast th^ ^oppa caialy«t,is only 
5 i»rtially sohdile in the system and thus a hc^exc^gpneous polymerisation 

ensues. The level of catalyse which is active in spiinion is thus <8iBeult to 
detemiine. Peicec (Macromolecules, (1995)^ vol. 28, pagp 199S) has 
extended Ma^asewski*s work by utilising art^i^es^phonyl chlqnde^s to 
replace aUcyl chlorides* again this results in tav^arctgeneopa pq3yuigpfiis^io^ 

10 SawaanioiD (Macromolecules, (I9?Sls vol. 2t^ psgs 1721 apd 

Macmnolecules, (1997), vol. 30, page 224$) has ali|o utilised a fiftfaeii^u^ 
basjbd system for similar polymerisation of ijnedia4rylates. n^s.sysfem 
requires activation of monomer by aluminimn alkyl, itsislf sensitive to 
reacdon with protic species which is an inh^nt disadvan^p. Tliese 

15 systems have been described as proceeding via a fr^ raififal mcstihantsm. 

which sitfTers from the problem chat the ra^ of tem^natioii. is > 0 due, to 
normal radical-radical combination and disp^portio|qiadon« 

Surprisingly the inventors have found that tihe use of diinvnes such as 1^4- 
X diaza-l,3*butadienes and 2-pyridinecarfoaldetayde impes mvy be used in 

place of bipyridines. These ligands offer advantage of hoxDqgm^ous, 



polj^ncRBatloo and thus ihe level of active catalyst ca^ be accotaiely 
cotttroUed. This class of Ugand also enables die coattol of die n^ve 
stability of transidon metal valencies, for eunqile; Cu(I) and Ctt(ID. 
by altedag ancillary sobstituents and thus gives control over the nature of 
the inmfaicts thiou^ control over the apprcvdate diei^cal equUifanum. 
Such a system is coleraiu to trace impurities, trace levels of and 
functional monomers, and may even be conduct in ^UfKius yp f^ i" 

i 

A father advantage of the system of the inyeiuion is |ha£ the pn^sence o^ 
&ee-rad?CHl inhibitors traditionally used to iphibit polymexisatioxi of 
conunereial mcmomers in storage, such as 2, S^di-tert-^utyl^ 
mediylphenol (topanol), increases the rate of reaction ^f the invc^uio^u 
This means that lengdiy purification of commercial m^notners cc^ .remove 
such radical inhibitors is not required. Furthermore, t^s indicates ch^ the 
system of the invention is not a ftee-radical process. This is contrary to 
the Matajaszewski and Sawamoto who show free^radi^al based, systems. 

Accordingly a first aspect of the invention provides a Catalyst for, addition 
polymaisation of olefinicaUy imsaturated monomers, ^specially yiiiylic 
monpoEiers, comprising: 




4 

a) a ^ai compoiiiid of fonnula 1 

MY 

where M is a transition mecai in a low valency siaia or a mnaitioti 

metal in a low valency state co-ordinated toiat leasij one cpKurBimpng 

* 

5 non^charged Ugand and Y is a monovalent or pQ^rvjtfrat counl;^^ 

b) an iniiiator compound compiiang a ||ppDol^^ dcavabH; bond i 
w^A .a hafqigen afiom; 

an GKgaiiodiimine. where one of the mt^p^en^ of the rfiitr^me; is not 

pan of ail aromatic ring. 

Honaolyticsdly cleavable means a bon^ which breaks widiput 

integral chaige fomiadon on either atom by hpmo^ytlc fission. 

Conyiwionfl^iy this produces a radical on thf; cofODpoi^d apd a hatogesi 

atpm otrtjral For example: 



o 



15 




Br 



20 



However, the increase in the rate of nsaction ojbserved by the 
ipvenipts widi free-radical inhibitors indicat^ that txt^ tee-ndicals, do not 
^pear to be formed using the catalysts of ttw iaveI^ipI|. It is bf|ifnrf«i 



that Ctei pccUB in a conccned fashion whereby die monomer is inseM 
iniD ihe bond wi^ouc fonnation of a disoeie fiteie radical spaces in fhe 
«y«m. rp^ is during propagation chis results in the formation ai a jnew 
«riH«H:M»pn bond and a new carbon-halogen bond without fiee^cal 
fenaaiipn. «echanism involves bridging h^gen atoms 





where: 



ML is a tnmsidon metal-diimine complex as defined below. 



I 



A "6ee-cBdical" is defined 



as an atom or group of atoms having ^an 
unpaired valence elecoon and which 
oth«r interactions. 



is a separate entity without 



Toiuitido,la«iU. may tave diOsem v>d«,ci«. for «™ple PHlff 

«»M»»lyo««™gv.ta.ci«.i...F.(n)«C«(I). HcnceM i«l;«L. i 
i. |»£nbly CUO). FeflD. Co(ln. R„(n) or NiOQ. ™« p„^^ ^ 



1 



tfie a>-oi^MmtiBg ligand is (CHjCaa. y ouy be fhotfia. 
Br. F. L PF.. BF„ SO,. Ca^. SPh. SdSf. SePh or trilby (Ca^. 



a. 



avsuiilde 
foniI»9iind oaed is CuBr. 



IS 



20 



RX 




z 

Fonnula 3 




canponenc (b) is selected ftom 



Y 

z 

Fonnula 4 



o 



Fonnula 7 
R 




o 

Fonnula 10 




Fbxtaui&5 



o II 

FcvxnuIaJs 




FaapKola 1 1 



R 



o A 



«'>''m^ ^L ftcfetabiy die or each al^i ftydn«yiUlg,l or 



10 



hX is a 



*VeciaUy I, Br, F or a. 



15 



to 23: 



««»P««« (b) may especiaUy be J?^tecied fiom I-oawi^ ^ 



Fon^uia 13 




O R' 



20 



^ « i»r, I or ca, jnfenbly Br 
if = -H. 



-<C3I^" (where m is a whole mimber. preferably p = 1 to 20, 
more f^efenUy 1 id 10. most preferably 1 to 5. R" = H.?H. cS^ 
balide, WH^ SO,, CtflC - where x is Br, I or Q or 




R'" = -COOH. (where X is Br. L F or Q), -OH. -NH, or -Sp,H, 

especially 2.1iydraxyeihyl-2'.meifayl-2' h rem opi up ionate. 



Fonnula 15 




R - Me. MeO. halogen. 



■Pmuiilla 16 



# 



Especiaily pRjened rximplps of Fonxmla 16 are: 

OMe 




FanDnla 16A 




0=^3=0 
CI 

Foimnla 16B 
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CI 

Fonnnla 17 



^oxmulA 21 



O o 



Fonnula 18 



Fonnula 22 



<piMe 

OMe 
Formola 19 



Formula 20 



and 




IS 



20 



The caiefnl selection of functional all^l ha]ide$ allows the pnxJuction of 
terminally fimeticMialised polymers. For example, the selection of a 
hydroxy co nmiiring alkyl bromide allows die production of a-bydro:^ 
tenninal polymers. This can be achieved widiout the need of protecting 
gnnip cbemiairy. 

Component (c) may be a 1.4-diaza-1.3-butadiene 



• 



10 




An QxaxoUdone 

15 




R12 



20 

Fannnla 26 



11 




R13 

flopiinlA 27 

vfliflrp Rij. Rio» R||. Rn and R„ may be yaxijipi^ kfdepemdeqtly aajd R,. 
R,. RiaR||. R|2 and Rj, may be snaigfat chg^, bf;anched ^aia, or, cyclic 
sanmied afl^l, taydimyaU^l, carboxyalkyl. ary}, (snjch ms ph^I ar,pKi^l 
snbstirated where substimtioii is as described fpr R» to t^, C^^A^ (^.jtiJ^re 
At = afyl or nbati&iiiKi aryl) or a halogen. Ft^^t^aMy R9. R,o, %!. R» 
and R,3 may be a C, to alkyl, hydroxyalkyl or caiboxyalkyL in 
paiticalar C, to alkyl, especially mediyl pr ejttiyl, n-pppyli^qpn^^ n- 
buiyl. sec-bi«yl. nst butyl, cyclofaexyl, 2-etbylhcsyl. octyl de^l or, b^iyl. 



10 



IS 



12 

R|. Rj, R,o. R||. R,2 and R„ may especialty be meil^I^ 



R, to R, may independently be selected from ibe g^oap descnfaed for R,. 
Ri* Riw Rii» Ria and R,3 or additionally OCI^ , , («fh^ n is . an iniciger 
ftom 1 to 20). NO,, CN or 0=CR (where R * alkyt l^azyl PhCH, or a 
snbstituied benzyl, preferably a C, to C„ alkyi, eapMaUy a C, to C« 
alkyO. 

Fufttaennoi*, the compounds may exhibit a chiml centre a to one of the 

nitrogen groups. This allows the possibility for polymers having different 
fteieuUttnuttcy scnictnres to be produced. 

j 

1 
I 

Compoimds of general Fonnula 25 may comprise ope or more fused rings 
on ifae pyridine gnnip. 

One or moie adjacent R, and R,. R, and R^. R, andlR^. R,o and R,. R, and 
R,, R, and R,, R, and R^, R, and R, groups may be.C, to C, cydoall^l, 
ifycloalkenyl. polycycloalkyl, polycycloalkenyl or cjjcUparyl, such as 
(fyclohexyl. cydohexenyl or noibomeyl. 



20 



IpTof enpd ligpDds include: 



13 



10 



ligands mchidci: 




FonnuU 28 




Fannula 31 




Foanoia 29 




Formula 32 




Fonniila 30 




Fonnula 33 



15 



20 




Formula 34 







Farmula 36 



Formula 38 
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ftjirmula 50 

and 



Fonnula 51 




where: * indicmrs a chiral ccntk^ 

R14 = Hydrogen, C, id C,o branched chain alkyt carbpxy- 
hydroxy- C| id C,o alkyi. 



A second a^ect of die invention {rovides a ca^ysic for addidon 



16 

polymcfisaiion of olefimicaUy unsaturated mooamcrs, especially vinyiic 
a 6cst compQiMB^t of Fonnula SI 

wfacfein M » a ixansitioiial metal in a low val^aicy state: 

L = an ocganodiiznine, where at least cme of the nitrogens of the 

Hiiiwtwtf> is HOC part of an aromatic ring* 
A s an anicm 

n s a whole integer of 1 to 3 
0 3s an integer of 1 to 2. 

(e) An initiatar comprising a homolytically cleavable bonfi with a 
halogen atom, as previously defined. 

Preferably M is as previously defined for conq)pnent (a). L may be . a 
conjpound according to Formula 24, 25, 26 or 27, as previously defined. 
A may be F. O, Br. L NOjp SO4 or CuXj (where X is a halogen). 

The prefened initiators (e) are as defined for the first aspect of the 
ilLvention. 



n 

The inventian also provides the use of the catdyst accoxding to che first or 
seccmd aspect of the invention in die addition pplymeriaatioii of one or 
ouHe olefifiically ansamrarrri monomers and the polymerise^ products of 

i 

such REonsses. 1 



The con^Kments (a), (b) and (c), or (d) and (e) may be: ua^j together in 
any acder. 



10 



15 
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The inventon have unexpectedly found that the cataiyst willj wpik at a 
wide variety of temperatures, including room tenq^eratore azsjd as low as 
1S*C. AccodiQgly, preferably the catalyst is used at a teuiA e ia tttre of 



-20°C to 200"C, especiaUy -TJOTC to ISO'^C, 2qf?G to 13pC. njip^e pfof^nbly 

9(rc. 



The oIef|nicaUy vnff?^*^^ monomer may be a mcthapryliCi 
scyrene, methacrylonitrile or a diene such as butadiene. 



an acrylate, a 



polymerised 



Rxampl*^ of olefinically unsaturated monomen diai may be 
include methyl methacrylace, ethyl methacrylaic, propyl metibacrylale (all 

i 

isomers), butyl mettiacrylale (all isomen), and other alkyl inlethacrylates; 
corresponding acrylates; also functionalised m^diaciylates and acxylates 



includmg ^tycidyl methaoylate, crimethoxysilyl propyl methacrylate« aUyl 
ineihacrylale, hydroxyethyl methacrylaie, hydioxypropyl mechacrylate, 
diaU^huniiioalkyl methaoylates; fluoroalkyl (izietfa)acrylaies; metfaacrylic 
acid, aayUc acid; fuxnaric acid (and esters), itaconic acid (and eaten), 
maleic anhydride; styrene, a-methyl styrene; vinyl haltdes such as vinyl 
chloride and vinyl fluoride; aciylonitrite, m^baaylomtrile; vinylidene 
halidcs fonnola CHj = C(Hal)2 where each halogen is independently O 
or F; optionally substituted butadienes of the formula CH2 = C(R'^) 
C(R") = CHj where R" is independently H, CI to CIO alkyl, or F; 
sulphonic acids or derivatives thereof of formula CHj = CHSO2OM 
wherein M is Na, K, Li, N(R^^)4 where each R'^ is independendy H or CI 
ot VIO alkyl, D is COZ, ON, ff(R^% or SO^OZ and Z is H, U, Na, K or 
N(R^^4; acxylamide or derivatives thereof of formula CH2 » 
CHCON(R*^)2 and methacxylamide or derivative thereof of formula CH2 
C(CH3)CON(R*^)2. Mixtures of such monomers may be used. 

Preferably, the monomers are commereially available and may comprise a 
free-radial inhibitor such as 2, 6-di-tert-butyl-4-methylphenol or 
metbqxyplenoL 

Preferably the co-catalysts are used in the ratios (c):(a) p.Ol to 1000, 



19 



.1 to li 



psafcmbfy 0.1 to 10. and (a):(b) 0.0001 to lOQD. prefienbly 0, 

i 

where ihe degree of polymeiisatian is controlled by thp rano of nuu^ozner 

i 

to (b)- I 



10 



15 



FreferMy ihe coaqionents of the catalyse of the seconfl aqiect of 
inveamm are added at a ratio Miinitiator of 3:1 to 1:100. 



1 



Ptefet^ly dte amount of dmnine : metal used in the systems is benj^n 
100:1 and 1:1, inferably S:l to 1:1, more preficnbiy 3:1 tol:l. | 

The reaction may take place with or without the presence of a splvejnt 
Suitable solvents in which the catalyst, mononcier and polymer prpdtict are 
sufficiently soluble for reactions to occur incluc^e water, protxc and iLon- 
protic solvents including prcpionitrile, hexane» heptane, dimethoxyema^ 
diethoxyethane, tetrahydrofaran, ethylaceiate. diethylether. N.N- j 
dimetfaylfoimamide, anisole, acetonicrile, diphejtiyl^ther, methyli$Qbu|tyrate, 

butan^2-^ne, toluene and xylene. Especially preferred solvents are s^ylene 

i 

and toluene^ preferably the solvents are used at ai least 1% 1^ wc^i|^t, 
more -preCef^ly at lease 10% by weight 



20 



I^Bferably the concentration of monomer in the solvents is 100% to 1%, 



I 
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piefecably 100% to 5%. 



Tile teactiom may be ondeitaken under an inert atmosphere such as 
nitrogen or argon. 

The reaction may be caxried out in suspension, emulsion, mini-emulsion or 
in a dispenuon. 

Statistical cc^lymers may be produced using the catalysts according to 
the invention. Such copolymers may use 2 or more monomers in a r^age 
of ca>0-100% by weight of each of the monomcn used. 

Block copoljrmers may also be prepared by seqijicntial addition of 
monomers to the reaction catalyst 

Telechelic polymers, may be produced using calalysts of the invention. 
For example, a functional initiator such as Formxila 21 ipay be used: with ^ 
transformanon of the coBr group to a functional group such as or 
-CO^H via use of a suitable reactant such as sodium azide. 

Comb and graft copolymers may be produced u$ing the calalysts of the 



THn LOCO OOSiJA'^ 



r, u A 
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invention to allow, for example, polymers having functional side chains to 
be produced, by use of suitable reagents. 

Embodiments of the invention will now be described by way of example 
and with reference to the following figures: 

Fig- 1 shows the structure of the ligand 2,6 dimethy lanilineD AB ; 

Fig. 2 shows ihe crystal structure of the cation obtained by reacting 
tBuDAB and CuBr together; 

Figs, 3 and 4 show Mn dependence on conversion of different 
monomer initiator ratios for styrcnc and mcthylmcthacrylate respectively; 

Fig. 5 shows Mw/Mn dependence on conversion for bulk 
polymerisation of styrene at 80°C; 

Fig. 6 shows kinetic plots for polymerisation of methylmcthacrylate 

at 90°C; 

Fig. 7 shows the reaction scheme for the production of hydroxy 
terminally fonciioaaliscd FMMA. (i) Br2-P, (ii) Ethylene glycol, (iii) 
CuBr/3/MMA, (iv) benzoyl chloride: 

Fig- 8 shows a selected region from *H NMR spectra of (a) 3, (b) 4 
CHo-O-groups and -OCH3 to Br and aromatic protons from 
benzoyl group; 



10 



15 
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Fig. 9 shows partial MALDI-TOF-MS of 3 between x 8 and 11, 
peaks correspond to lithium adducts of molecular ions with no obscrv^ablc 
fragmentation; 

Fig. 10 shows a plot showing how Mn from SEC increases with 
conversion for experiments D-K. 

Examples 

Synthesis of Ligands 
Diazabutadiene (DAB) Ligands 




Glyoxal Aniline Dimcthylaniline DAB 

(phenylamine) 



To a stirred soludon of 40% aqueous glyoxal (0.25 mol) in a conic«d flask 
was added the required amine dropwise (0.5 mol). After a period of time 
a pale yellow solution foraied which was taJcen up with water and filtered. 
The resulting precipitate was dissolved in diethyl ether and poured over a 
20 large excess of magnesium sulphate. The solution was left for twelve 

hours to remove all the water and the solution was filtered* Ether was 



r. uj/ 
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removed on a rotaxy evaporator then the product xecrysrallised from ether. 
TertButyl DAB (tBu DAB) and isoPropyl DAB (iPr DAB) were similarly 
manufactured using i-butylamine and isopropylamine respectively as the 

starting amine. Such compounds are superior to 2,2-bipyridine in 

accepting electron density 



Pyridine C^rhaldehvde Ligands 



H 





N 




// ^ 



2-pyridmecarb- 
aldehyde 



aniline 



aniline PC A 



To a stirred solution of pyridine carbaldehyde in ether was added an 
equimolar quantity of amine. The soludon was left for 3 hours then 
poured over an excess of magnesium sulphate. The solution was filtered 
and the ether removed on a rotary evaporator. Some ligands formed 
yellow oils and were purified by distillation under reduced pressure. 
SoUds were purified by recrystaUisation from ether. 



tBu FCA, iPr PCA, nButyl PCA (nBu PCA), Dimethylaniline 



24 



Diisopropylanilme PCA and methoxyaniline PCA were also made by 
reacting TBuNH^, 'PrNH,, "BuNH^, 2,6-dimethylanilme, 2.6- 
diisoproxylaniline and 4-methoxyanmne, respectively as the amine. 



vx Kwuciw ../orn rhA l^^o idooia Ub/30 
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Characterisadon of Ligands 

. • -^^v characterised by NMR and EI/CI mass spectrometry. Mass spec data is 
Ligands have been imtiaUy characienseu uy 

tabulated below. 

DIAZABUTIENE (DAB) LIGANDS 



Structure 



iBu DAB 



RMM 



16g 



iPrDAB 



Dimethylaniltne DAB 



140 



262 



M/Z 



166 



141 
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PYRIDINE CARBALDEHYDE (PCA) LIGANDS 



Structure 

tBu PCA 

iPrPCA ^_ 


RMM I 

162 

149 


M/Z 
163 


1 

i 


oBu PCA 


162 


163 1 


Aniline PCA 


ISl 


11S2 




Dimetirvlaniline PCA 


212 


|209 




pxii^oTTTsovlanilitic PCA 


268 


1223 




Methoxyaniiiae PCA 


197 


I2II 


1 



. cr.s«, s^^uctu.. Kas been obt.lne. of U,.n<. Z, 6 a.,.e.h,,«.i,,^-.e DAB 

1). TMS Shows , E configuration of double bonds which «ust fold 
around the metal centre to fom, the catalyst. 



r. uo/ 
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Synthesis of Catalysts 

. ^ in a scWenk was added copper bromide , chlondc or 
TO a solution of U^d ( . ^^^^^^^^^^ _ and placed a geezer. 

solvent was removed by ffitralxon and the crys ^^^^^^ ^.^^^ ^^^^^ 

Cataly^ were synthesised with equunolar quantities of hgand ^ 
arcxpcH^en^s resulted in the detection of a pea. correspond.^ to Cu.. . 
L ' ligand. 




A crystal structure has been ootai" 
tetrahedral intermediate (Fig. 2). 



s 



10 
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Polymer Synthesis 

The catalysts were used to control the propagation of styrene and 
mcthybnethacrylatc. 

All polymerisations were performed with excess ligand [Lj:lCu] 3:1 and 
the catalyst is synthcsised in situ. 

General method for polymerisation of methvlmethacrvlate 



To a Schlenk to be purged with nitrogen was added 0.34mls ethyl 2- 
bromo-isobutyrate (0.00372 mols) in lOmls raethyhnethacrylate (0.0935 
mols). The dcsiicd ligand was then added (0.01122 mols) and the entire 
solution freeze pump thaw degassed. 0.536g copper bromide (0.00374 
15 mols) was then added whilst stirring. When the solution turned deep red 

indicating formulation of the catalyst the schlenk was immersed in an oil 
bath at 90''C. 



UU/ ou 
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Polymerisation results 
All polymerisations are based on the foUowing nole ratios. 

Monomer : Initiator : Copper X Ligand 

100 • I ■ 1 ■ ^ 
Copper X = catalyst based on copper. 

Styrene (Sty) was Initiated with 1-phenylethyl bron.ide or chlorine. 
Methylmethacrylate (MMA) was initiated with ethyl -2-bromo isobutyrate. 




1*^1 i«/ tJi n 



r. uo/ ou 



29 

t-BuDAB was also investigated in more detail using 
Ugand (L), Initiator (1) and catalyst (Cu). 

Styrene at 100°C 



10 





Cu:I 


Mn 


PDI 


<2?>Conv. 


3 


1 


2173 


2.0 


11 


3 


20 


2603 


4.0 


7 


3 


100 


2169 


5.8 


8 


1 


1 


2400 


3-6 


9 


1 


100 


8042 


14 


7 



15 



MMA (100=0 



2020 4.1 Low 
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This shows that PDI may be controUed by varying the ratio of L:I 
Cu:l. 



r . X u/ ou 
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Polymcrisationi 



s with nBuPCA 



The most successful ligand >vas nBuPCA which wiU fonn the foUowing 
copper (1) structure: 




nBu 



Cu 



nBu 



This catalyst has been used to obtain kinetic data for the polymerisation of 
both styrene and mcthyhnethacrylate. Temperature control is important to 
prevent termination leading to tailing of the resulting MW distribution. If 
termination is prevented then polydispersity will decrease with time. Mn 
conversion plots have been obtained at different monomer to initiator 
ratios. 

Figs. 3 and 4 show Mn dependence on conversion ai different 
monomer:initiator for styrene and methylmethacrylate at 80°C. 
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Fig. 5 shows Mw/Mn dependence on conversion for bulk polymerisaaon 
of styrene at SO'C. 

Fig. 6 shows kinetic plots for the polymerisation of methylmethaciylate at 
90'C. 

Synthesis of Block r!o-polvmers 

This was investigated using methylmethacrylate, benzylmeihacrylate 
(BzMA) and 2 bydroxyethylroethacrylate (HEMA) the results of which are 
shown in the table below: 



TABLE B 



BLOCK ONE 


BLOCK T 


WO 








Moa. 


hAn 


Mw 


FDi 


Moo. 


Mn 


Mw 


FDi 


MMA 


MMA 


2,469 


2,965 


1.2 


MMA 


5,599 


7,337 


U31 


100 


MMA 


2.469 


2,965 


L2 


BzMA 


4,908 


6,500 


1.32 


70 


MMA 


2,499 


13,431 


1,37 


BzMA 


5.934 


10,749 


1.81 


54 


MMA 


2,499 


13,431 


1137 


HEMA 


3^98 


5,544 


1.68 


70 



Statistical Copolymers 

An example of a statistical copolymer was produced using a compound 
Formula 16B as initiator , and a compound of Formula 45 as the Ugand. 
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Ig of 2.hydroxyethyl me^acrylate with 9.36g of MMA (I. e. 7.7. molc%) 
was polymerised with the foUowing results: 



I Initiator 


Ligand 


Amount 
ligand/ 
tni- 


Solvent 
(cone 


Amt. 
CuBr/g 


Amt. 
Initiator 
/g 


Temp- 
le 


Time 
reins. 


|l6B 


45 


0.37 


33.3 


0.13 


0.16 


1 


2760 





Mn 


PDl 


% HEMA (NMR) 


1 14764 


1.21 


4.5 



10 



Further c-«^f t-rimentation 



15 



Further experimentation was also carried out using Ugands of Formula 33. 



Fonnula 33 



20 This was synthesised as follows;- 

30mls of diethyleiher was placed in a conical flask. 1.78mls of 2-pyridine 
carbaldehyde C2.00g. 1.867 X 10^ moles) were added prior to 1.54mls or 
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propylamine (Mlg* 1-873 x 10'^ moles). The reaction mixture 
immediately turns yellow. The mixture was stored for 10 minutes at room 
temperature prior to the addition of magnesium sulphate and stilling for a 
further 30 minutes. The reaction mixture was filtered and the volatiles 
removed under reduced pressure. The product is isolated as a yellow oil. 

Polvmerisadon 

0.688g of copper (1) bromide (98% Aldrich)(4-796 x 10"^ moles) were 
added to lOmls of methylmeihacrylate purified by passage down a column 
containing basic alumina and 3A sieves under nitrogen (9.349 x 10"^ 
moles) in 20 mis of xylene (deoxygcnated by 3 freeze-pump-thaw cycles 
and dried over 3A sieves for 12 hours). 0-2136g of A (1,44 X 10"^ moles) 
were added over 2 minutes with stirring at room temperature to give a 
homogenous deep red/brown solution, 0.07mls of ethyl 2- 
bromoisobutyrate (0.0924g. 4-73 x 10^ moles) were added and the reaction 
mixmrc heated to 90°C for 485 minutes. Samples were taken at intervals 
and analysed for Mn and conversion, sec table. After 485 minutes 
poly(methylmethacrylate) was isolated by precipitation into methanol in 
78.6% yield with Mn = 7020 and PDI (Mw/Mn) = 1.27, 



rnA, 



T4H ii^CLO OOOOiO 
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TTMF 


% f;0^»JVERSION 


Mn 


PDI 


120 


16.47 


2376 


1-28 


240 


52.69 


5249 


1.22 


300 


61.02 


6232 


1.18 


360 


67.56 


6742 


1.21 


485 


78.56 


7020 


1.27 



The Production of a-hvdroxv terminally functionalised PMMA 



10 The initiator, ethyl-2-bromoisobutyrate was replaced with hydroxy 

containing alkyl bronaide so as to produce -hydroxy terminally 
functionalised PMMA without the need to employ protecting group 
chemistry. 

15 Ligands of Formula 33 vere used in the polymerijsation process. 

2-hydroxyethyl-2'-mcthyl-2'bromopropionate was prepared as shown in 
Fig. 7. 



20 



The conditions used in steps (I) and (ii) was as follows: 

0,23g of red phosphorous (8.06 x 10"^ mol) were added to 35,4nal (0.338 



10 



35 

mol) of isobutyryl chloride. The mixture was placed under gentle reflux 
and 20ml of bromine (0.338 mol) were added slowly over 8 hours. The 
mixmre wa.s refluxed for a further 4 hours and the crude reaction mixture 
added slowly to 350ml of anhydrous ethylene glycol (6.27 mol). The 
reaction mixmre was refluxed for 4 hours, filtered into SOOml of distUled 
water and the product extracted into chloroform. After washing with 
■ water and sodium hydrogen carbonate and drying over magnesium 

sulphate the product was isolated as a colourless liquid after the removal 
of solvent and vacuum distillation at 64.5-C and 0.1 Torr. 'H NMR 
(CDCI3, 373 K. 250.13 MHz) 5 = 4.30 (t, J 9.6 Hz. 2H), 3.85 (t, J 9.6 Hz, 
2H) 1.94 s. 6H), .3C CH) NMR (CDCI3, 373 K, 100.6 mHz) 5 = 171.83, 
67.30, 60.70. 55.72, 30-59. IR (NaCl, film) 3436 (br), 2977, 1736 (s), 
1464, 1391, 1372, 1278, 1168, 1112, 1080, 1023, 950. 644, El MS: 213, 
211 (mass peaks), 169, 167, 151, 149, 123, 121. The typical 
15 polymerisation procedure used (steps iii and iv) was as follows: 

0.1376 of coppcr(l)bromide (98%, 9.6 xlO^ mol) were added to 40ml od 
xylene and 20ml of methyl methaqcrylate (0.187 mol). 0.4272g of 2 (2.89 
X 10-' mol) were added and the mixmre dcoxygcnatcd by one freeze- 
pump-thaw cycle prior to the addition of 0.2029g of 3 (9.61 x 10-) mol at 
20 room temperature. The deep red solution was heated at 90»C for 70 

minutes- The final product was isolated by precipitation into hexanes. 
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Atom transfer radical polymerisation of MMA using 3 as initiator in 
conjunction with 2 and CuBr was carried out at 90'C in xylene 
[MMA]:13J = 20:1, [ligand]:[CuBr]:[3] = 3:1:1 to give PMMA of strucmre 
4. Polymerisation was stopped at low conversion, 7.65%. after 70 
minutes, so ^ to reduce the amount of termination by radical-radical 
reactions, reaction A. 'H NMR data (Fig. 8). clearly shows the presence 
of the hydroxyethyl ester group, originating from 2 and the methoxy « to 
the bromo group at the propagadng end at S 4.28, 3.82 and 3.74 
respectively. The number average molecular mass, Mn, can be calculated 
dirccdy from NMR which gives a value of 2430 which compares 
excellentiy with that obtained from sire exclusion chromatography against 
PMMA standards of 2320, PDI =1.12 (when precipitated into hexanes Mn 
- 2960, PDI = 1.12). This excellent agreement indicates that the product 
has strucmre 4. This is confirmed by matrix-assisted laser desorption- 
ionisadon time of flight mass spectrometry. Tig. 9. We see one series of 
peaks in the MALDI-TOF-MS indicating only one predominant structure 
i.e. 4. For example, the peaks at m/z 1319.0 and 1419.2 correspond to 
lithium adducts of 4 where x = 10 and U respectively, calculated m/z 
1318.3 and 1418.4. The narrow PDI of 4 Is indicative of k(propagation) > 
k(termination) i.e. pseudo living polymerisation. Control over Mn and 
PDI is obviously not affected detrimentally by the presence of primary 
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alcohol group present in the initiator, which might have been expected to 
complicate the reaction by coordination to the copper catalyst. Indeed the 
PDI is narrower and the rate of polymerisation faster with 3 than that 
obtained using a non functional initiator. This is currently under 
investigation. Thus, controlled polymerisation with the copper complex as 
catalyst can be utilised to give PMMA or structure 4 as the only 
detectable product under these conditions. The hydroxy group can be 
further reacted with benzoyl chloride to give 5 quantitively. 

The Lemiinal benzoyl group of 5 is observed by 'H NMR. Kg. 8(c) and is 
detected by SEC with UV detection at 200 mn, 4 shows no absorption at 
this wavelength- MALDI TOF shows a new series of peaks corresponding 
to 5 e,g. peaks are now observed at m/z 1423.0 and 1522.8 for x = 10 and 
11, calculated m/z 1422.3 and 1522,4; this reaction is quantitive and no 
peaks from residual 4 are observed. When the reaction is carried out at a 
higher [MMA]:[3] ratio for 120 minutes a higher molecular weight 
polymer is produced, Mn = 4540, PDI = 1.22, as expected, reactions B 
and C- Again analysis shows terminal hydroxy functionally- 
Living or pseudo living polymerisations have a low rate of termination 
relative to rate of propagation. This is demonstrated by following a 



TH4 laCO 



r. ic 
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reaction with time, reactions D-K; L is the final product from this 
reaction. Fig. 10 shows that Mn increases linearly with conversion, up to 
approx. 80%, whilst PDI remains narrow for reaction with [MMA]:[3} - 
200. In this case the expected Mn (theory) at 100% conversion = [100/1 x 
100.14 (mass of MMA)] + 220 (mass of end groups) = 20248. The PDI 
is broader than would be expected for a true living polymerisation with 
fast initiation (theoretically 1 + l/DP). However, PDI does not increase 
with increasing conversion as would be expected for a reaction with 
significant termination and this is most probably due to slow initiation 
relative to propagation. ,2 

In summary atom transfer polymerisation with the copper complex as 
catalyst and 3 as initiator leads to oc-hydroxy functional PMMA. The 
presence of the hydroxy group during the polymerisation does not reduce 
the control over the polymerisation, and a narrow PDI polymer with 
controlled Mn is obtained. The reaction shows all the characteristics of a 
living/pscudo Uving polymerisation. The structure of the product has been 
confinned by MALDI-TOF-MS and NMR spectrometry. Furthermore the 
hydroxy functionality can be further funciionalised by reaction with acid 
chlorides in a quantitative reaction. 
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Reaction^ 


[3]/ 
10" mol 


[MMA]/ 
mol 


t/min 


Conver- 
sion 
(%)" 


Mn 
SEC 


PDI 
SEC 


A" 


9.61 


0.187 


70 




2530 


1.10 


B" 


9.72 


0.047 


120 




4540* 


1.22' 


C 


9-72 


0.047 


120 




3130 


1.22 


D* 


9.61 


0.187 


60 


0.21 






E* 


9.61 


0.187 


120 


2.27 






F* 


9.61 


0.187 


180 


15.74 


4980 


1.21 


G* 


9.61 


0-187 


240 


48.20 


12330 


1.26 


H" 


9.61 


0.187 


300 


59.75 


15580 


1.29 


I" 


9.61 


0.187 


360 


66.18 


17920 


1.27 


J* 


9.61 


0.187 


420 


72.11 


19500 


1.27 


K* 


9.61 


0.187 


480 


75.05 


20100 


1.28 


L* 


9.61 


0.187 


480 




19427' 


1.3 r 



" All reactions carried out with L2J:tCiiBrJ:L3J = 3;1:L * 20 ml MMA in 
40 ml xylene, 5 mis MMA in 6 ml xylene. ^ From gravimetry. " After 
precipitation, otherwise as taken from reaction flask. 
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Further Examples of Initiators and Licands 

In order to demonstrate the effectiveness of the catalyses across the range 
of compounds chained, further experimentation was carried out. 

Typical Polvmerisadbn procedure 

Methyl methacrylate (Aldrich) and xylene (AR grade, Fischer Scientific) 
were purged with nitrogen for 2 hours prior to use. The iniuator, ethyl-2- 
bromoisobutyrate (98% Aldrich), and CuBr (99,999%, Aldrich) were used 
as obtained and 2-pyridinal alkylimines were prepared as above- A 
typical reaction method follows. CuBr (0,1 34g, [Cu]:[Initiator]=l:l) was 
placed in a pre-dried Schlenk flask which was evacuated and then flushed 
with nitrogen three times. Methyl methacryiate (10ml) followed by 2- 
pyridinal "'alkyliniine ([lig£md]:[Cu]=2:l) was added with stirring and, 
within a few seconds, a deep, brown solution formed. Xylene (20ml) and, 
if appropriate, inhibitor were then added and the flask heated in a 
thermostat controlled oil bath to 90°C. When the solution had equilibrated 
cthyl-2'bromoi5obutyrate (0,14ml, [Monomer] :[Iniiiatorl= 1 00:1) was 
added. Samples were taken by pipette at certain times or the reaction 
followed by automated dilatometry. This apparatus consists of a glass 
capillary tube that is set on top of a reaction vessel. The vessel is charged 
with a complete reaction mixture that has been freeze-pump-thaw degassed 



r. CI/ ou 
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to ensure no dissolved gases are released into the capillary. After the 
vessel is fitted, the capillary is filled with degassed solvent and the 
reaction mixture heated to the required tempcrdiure. During 
polymerisatiou monomer is converted to polymer with a decrease in the 
5 volume of the mixture. This decrease in volume can be followed by 

watching the meniscus fall in the capiUary. a process done in this case by 
an electronic eye controlled by a computer program. 

Characterisation of Polvmers. 

10 Monomer conversion was calculated by gravimetry and/or 'H NMR and 

the molecular weights and molecular weight distributions (polydispersities) 
found by get permeation chromatography using tetrahydrofuran as clucnt 
and the following columns (Polymer Laboratories): Spm guard and mixed- 
E (3000x7.5nun). calibrated with PL narrow molecular weight poly(methyl 

15 methacryKte) standards with differential refractive index detection and/or 

UV. 
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Initiator 


Ligand 


Amount 


Solvent 


Amt. 


Amt. 


Temp. 


Tune 




Exp. 


Formula 


Formula 


ligano/g 


(cone 

Wl%) 


CuBr 


Initiator/ 

ITlT . 


"C 


mins. 




1 


15 


28 


0.375 


50 


0.134 


0.181 


90 


210 




2 


15 


28 


0.375 


50 


0.134 


0.181 


90 


360 


5 


3 


15 


29 


0.37 


100 


0.134 


0.156 


40 


1440 




4 


15 


33 


0.273 


33.3 


0.134 


0.137 


90 


240 




5 


15 


40 


0.273 


33.3 


0.134 


0.137 


90 


1200 




6 


15 


39 


0.273 


33.3 


0.134 


0.137 


90 


1320 




7 


15 


44 


0.25 


33.3 


0.134 


0.137 


90 


2580 


10 


8 


15 


46 


0.600 


33.3 


0.134 


0.137 


90 


25«80 




9 


15 


32 


0.610 


33.3 


0.134 


0.137 


90 


300 




10 


15 


49 


0.423 


33.3 


0.134 


0.137 


90 


1200 




11 


15 


29 


0.494 


33.3 


0.134 


0.137 


88 


290 




12 


15 


29 


0.494 


33.3 


0.134 


0.137 


88 


1260 


15 


13 


15 


31 


0.536 


33.3 


0-134 


0.137 


90 


1137 




14 


15 


41 


0.590 


50 


0.134 


0.130 


90 


120 




13 


15 


42 


0.590 


50 


0.134 


0.130 


90 


120 




16 


15 


41 


0.590 


50 


0.134 


0.130 


90 


240 




17 


15 


47 


0.42 


50 


0.13 


0.14 


40 


1050 


20 


18 


15 


47 


0.42 


50 


0.13 


0.14 


40 


2505 




19 


15 


34 


0.358 


36 


0.134 


0.137 


90 


150 




20 


15 


35 


0.386 


36 


0.134 


0.137 


90 


150 




21 


15 


36 


0.414 


36 


0.134 


0.137 


90 


150 




22 


15 


37 


0.442 


36 


0.134 


0.137 


90 


150 


25 


23 


15 


38 


0.70 


36 


0.134 


0.137 


90 


150 




24 


21 


28 


0.37 


33.3 


0.13 


0.16 


90 


300 




25 


21 


33 


0.41 


50 


0.13 


0.16 


90 


120 




26 


22 


33 


0.41 


33.3 


0.13 


0.52 


90 


240 




27 


21 


33 


0.41 


33.3 


0.13 


0,08 


90 


240 


3C 


28 


21 


33 


0.41 




U.l J 




yu 






29 


21 


32 


0.37 


100 


0.134 


0-156 


40 


1440 




30 


21 


32 


0.37 


33.3 


0.134 


0.156 


90 


300 




31 


23 


29 


0.37 


33.3 


0.134 


0-178 


90 


270 




32 


23 


29 


0.37 


33.3 


0.134 


0.178 


90 


1320 


35 


33 


16B 


29 


0.37 


33.3 


0.134 


0.193 


90 


1320 




34 


16B 


45 


0.45g 


50 


0.13 


0.19 


90 


2760 




35 


23 


45 


0.45g 


50 


0.13 


0.19 


90 


2760 




36 


16B 


29 


0.185 


33.3* 


0.067 


0.096 


90 


2880 



40* 25 mL of MMA 
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